Abstract. Invasion by exotic species constitutes a major threat to natural ecosystems. One of the most invasive species of current concern in Europe is Acacia dealbata Link (Mimosaceae), the expansion of which is reducing populations of native species, and hence biodiversity. To investigate the potential involvement of allelopathic mechanisms in this process, we evaluated the germination and seedling growth performance of Lactuca sativa
Introduction
In many parts of the world, invasion by exotic species constitutes a major threat to natural ecosystems and a major cause of loss of biodiversity (Keane and Crawley 2002) . The arrival of an exotic species in a new environment can substantially decrease the abundances of native species (Callaway et al. 2005) , sometimes to the point of eradicating them (Bais et al. 2003) . This assumption appears to be true for several species. For example, a related group of invasive plants called knapweeds (Centaurea maculosa Lam. and C. diffusa Lam.) introduced into the EEUU from Eurasia have deeply changed the community structure, establishing themselves in disturbed areas and excluding native plant communities (Callaway and Ridenour 2004; Vivanco et al. 2004) . Other invasive species such as Cinchona pubescens Vahl (Jäger et al. 2007) or Acacia longifolia (Andrews) Willd. (Marchante et al. 2008 ) represent a particular concern because they are invading protected areas, changing ecosystem function and threatening local endemic species.
Much research on invasions has suggested allelopathy, the release of phytotoxins by plants, as a mechanism for the success of invasive plants (e.g. Bais et al. 2003; Hierro and Callaway 2003; Callaway and Ridenour 2004; Vivanco et al. 2004; He et al. 2009 ). Most allelopathic compounds secreted by plants are secondary metabolites produced as offshoots of the plant's primary metabolic pathways (Hadacek 2002) . These biologically active chemicals released by exotic plant species can change interactions among other species (Callaway and Aschehoug 2000) . In particular, the release of allelochemicals into the soil from roots or rotting litter can greatly affect the germination and growth of native species . Although low concentrations of allelochemicals can have stimulatory effects on other species (Rice 1984; Reigosa et al. 1999a) , they are generally inhibitory since divergence evolutionary histories limit the opportunity for tolerance to evolve (Ravotnov 1974; Reigosa et al. 2002) . This lack of tolerance to allelochemicals released by exotic species may be a key factor in the success of invading species and in the corresponding transformation of one ecosystem into another these species can bring about (Hierro and Callaway 2003) . Factors such as this should be taken into account when managing forest ecosystems threatened by exotic species (Blanco 2007) .
A. dealbata Link (silver wattle; Mimosaceae) is one of the most invasive of several Australian acacia species in many parts of the world . Since its introduction into southern Europe as an ornamental species in the 19th century it has become naturalised in Atlantic and Mediterranean climates from Portugal to Italy (Sheppard et al. 2006) . In North-west Spain (Galicia), it has invaded native woodland, abandoned arable land, and watercourses, to the detriment of native understory species (Carballeira and Reigosa 1999) . The success of A. dealbata may be due to its fast growth (de Neergaard et al. 2005) , capacity for vegetative reproduction (Broadhurst and Young 2006) and the ability of its seedlings to tolerate a range of new environments (Pohlman et al. 2005) . In Southern Europe, allelopathic mechanisms may also confer success on A. dealbata since the release of allelochemicals occurs mainly during its flowering period (Devi and Prasad 1991; Carballeira and Reigosa 1999) , which coincides with the germination of native North-west Spanish understory species. It is widely assumed that allelopathic substances generally may have the greatest effect on native species at the germination and seedling stage, since these plant stages are most vulnerable (Larcher 1995) . Therefore, most biological assays assess the effects of potential allelochemicals on germination and seedling growth (see review of Lottina-Hennsen et al. 2006) .
The aim of this research was to test the potential role of allelopathy in the spread of A. dealbata using solutions collected at various times of the year that coincided with the main phenological and stress phases of this species. These solutions were tested against several model test species, a native species and A. dealbata. The specific aims of the research were to determine whether all species responded similarly to the solutions and whether time of collection changed the response of any species.
Material and methods

Study area
Field sampling was carried out in Galicia, North-west Spain. Two naturalised A. dealbata stands were located at UTM 29T 5284661 and 29T 5274662 in a region with European Atlantic climate. The soils of A. dealbata stands were classified as haplic umbrisols. Before the arrival of introduced species, vegetation at UTM 29T 5284661 was characterised by a tall semi-open canopy of Pinus pinaster Aiton with an understory dominated by shrubs, herbs and ferns (Lorenzo 2010) . At UTM 29T 5274662 coordinate, native vegetation was predominantly shrubland with sporadic P. pinaster (Lorenzo 2010) . Today, studied areas are dominated by pure A. dealbata canopy with a very few species of herbs and mosses in the understory (Lorenzo 2010) .
Collection of natural washings
In May, September and November 2006 and March 2007, throughfall and litter 'leachate' were collected in the A. dealbata stands. Collection dates were chosen to coincide with the main phenological and stress phases of A. dealbata: May, formation of pods; September, period after severe drought; November, formation of inflorescences; and March, flowering period. The monthly average temperature and precipitation for each collection period is shown in the Table 1 . On each occasion, the litter was carefully removed (0.25 m 2 on four different points by stand) from beneath acacia trees, four plastic trays (45 Â 24 Â 6 cm) were sunk in the ground at each stand, covered with plastic netting to prevent the entry of litter, and recovered with the removed litter. Three control trays were placed in an adjacent open field away from plants to collect rainfall. The liquid in each tray was collected following rain, transported to the laboratory, pooled, filtered and frozen in 75-mL aliquots at À18 C pending use. In addition, at the time of sinking the trays, four samples of surface soil (0.5 m 2 in area and 5 cm deep) were randomly collected in each stand, transported to the laboratory and shaken for 24 h with distilled water (1 : 2 w/v in May, November and March, 1 : 3 w/v in September, when the soil was drier), after which the resulting solution ('soil extract') was pooled, filtered and treated as described for the leachate. Soil samples were taken just before rainfall to prevent the washing of soil allelochemicals by rain. We knew the meteorological conditions and weather forecasts at each time on the web page of MeteoGalicia (2010) 
Choice of target species
Seeds from several species were used to ensure different taxa and model species in allelopathy. Lactuca sativa (Compositae) has been widely used in phytotoxicity studies because of its rapid germination and genetic homogeneity, and allows for comparison of results among different studies (Reigosa and Pazos-Malvido 2007) . Arabidopsis thaliana (Cruciferae) is another good test species (Pennacchio et al. 2005) being sensitive to a variety of allelochemicals, and is beginning to be widely used. Zea mays (Gramineae) and Dactylis glomerata (Gramineae) were employed because of their agricultural and ecological relevance (Sinkkonen 2006) . In the study area, Z. mays is C following scarification of seed in boiling water for 1 min followed by soaking in cold water for 24 h (supplier instructions). A complete randomised experimental design with 7 replicates was employed for each combination, 3 treatments (control, leachate, soil extract) Â 5 species Â 4 collection dates. Petri dishes were frozen to halt seedling growth after 3 days for Z. mays, 4 days for L. sativa and A. thaliana, 10 days for D. glomerata and 15 days for A. dealbata. Germinated seed were counted, radicle and shoot lengths measured, and these results were expressed as percentages of the control values.
Statistical analysis
We used a two-way ANOVA to test for the effects of treatment and collection date on the germination percentage, radicle length, shoot length, pH and electrical conductivity for each species. If the collection date or its interaction was significant in the two-way ANOVA, we presented and analysed the data from different samplings separately, using one-way ANOVA with treatment as the main effect. If there was no significant effect of the sampling date, we ran a one-way ANOVA (Sokal and Rohlf 1995) on pooled data from May 2006 to March 2007. Mean differences were separated with the LSD test. Verification of normality and homogeneity of variance were assessed by the Kolmogorov-Smirnoff test and the Levene test, respectively. For heteroscedastic variables, results at different collection dates were compared using the Kruskal-Wallis test followed by post hoc Mann-Whitney U-tests. The level of significance was fixed at P 0.05. All statistical analyses were performed using SPSS version 17.0 for Windows.
Results
The pH did not significantly differ among the treatments for any of the collection dates. In contrast, electrical conductivities of leachate and soil extracts were significantly higher than the controls at all collection times (Table 2) . Moreover, electrical conductivity of leachate and soil extracts also differed significantly from each other with soil extracts being higher than the leachates in May and November but with leachates being higher in September and March.
None of the leachate or soil extracts had a significant effect on the germination of A. thaliana, Z. mays or A. dealbata regardless of collection date (Fig. 1) . This was also true for L. sativa and D. glomerata with the exception of March leachate and soil extract which resulted in slightly less L. sativa germination (P 0.05) and the May leachate for D. glomerata where germinated doubled (P 0.01). Radicle lengths in Z. mays were not influenced by leachate or soil extract (Fig. 2) whereas those of L. sativa were slightly longer when subject to September and November leachate (P 0.05) and slightly shorter with the March leachate (P 0.05). A. thaliana radicles were also slightly longer when treated with the May leachate (P 0.05) and March soil extract (P 0.05) but somewhat shorter with the November leachate (P 0.05). D. glomerata radicles almost doubled in length when treated with November leachate and soil extract (P 0.05). However, A. dealbata showed the most marked response producing radicles~3 times longer when treated with leachate regardless of collection date or with the May or November soil extracts itself.
No leachate nor soil extract from any collection date had a significant effect on the seedling shoot length of L. sativa or A. dealbata (Fig. 3) whereas length of Z. mays shoots was slightly shorter in comparison to the control when seed were treated with March soil extract (P 0.05). Shoot length of D. glomerata was considerably longer for seed treated with March soil extract (P 0.05) or leachate (P 0.05) while in A. thaliana, shoot length increased by up to 25% when seed was treated with leachate regardless of collection date as well as by soil extract collected at dates except March.
Discussion
These results showed that the effects of A. dealbata leachate and soil extract were species-and time-dependent and may indicate actions on different physiological processes within each species (Reigosa et al. 1999a ) with leachate treatments generally being significantly more effective than the soil extracts. While the influence of pH and ion concentration on seed germination and growth must be taken into account for bioassays, the solutions used here had pH values and electrical conductivities similar to those observed in previous work (Reigosa 1987) . In addition, although salt concentrations were higher for leachates and soil extracts than for the control, these did not exceed thresholds for phytotoxicity (Abrol et al. 1988) suggesting the observed germination and growth responses are more likely to result from other chemical compounds than from salt concentration. Allelopathic inhibition of germination and seedling growth of test species is well documented (González et al. 1995; Carballeira and Reigosa 1999; Souto et al. 2001; Gupta 2005) . The present findings agree with those of Carballeira and Reigosa (1999) in that the germination frequency and radicle length of L. sativa seedlings were depressed by A. dealbata leachate collected during its flowering period in March, a period that coincides with the germination of many autochthonous herbaceous understory species (Carballeira and Reigosa 1999) . The elongation of L. sativa radicles following treatment with September and November leachate would, however, coincide with adverse periods for native seedling growth. Untimely stimulation of seedling growth as observed here is likely to be detrimental at the population level since stimulation at times of year when resources are in short supply could lead to increased native seedling mortality, thereby favouring the invader.
When allelochemicals have stimulatory effects, it is generally at low concentrations with higher concentrations being inhibitory (Rice 1984; Reigosa et al. 1999b; Fernández et al. 2006; Sinkkonen 2006) , although cases of non-linear responses associated with increasing concentration exist (Reigosa et al. 1999a) . The predominantly stimulatory effects of leachate and soil extracts in this study suggest that these contained low concentrations of allelochemicals which for the soil extracts is contrary to the findings of Carballeira and Reigosa (1999) . Three possible mechanisms may account for this. First, the allelochemicals have been either degraded in the soil by Germination ( microorganisms or transformed by soil microflora into stimulatory compounds (Souto et al. 2000) . Alternatively, high plant densities may reduce the availability of allelochemicals on a per-plant basis (Weidenhamer 2006) , and the relatively high seed densities used (25 per Petri dish for L. sativa, D. glomerata and A. dealbata, 50 per dish for A. thaliana) may have limited the availability of these chemicals. Finally, periods without rain allow the accumulation of allelopathic compounds and therefore frequency and duration of rainfall will determine the concentration of allelochemicals in the soil . The test species used in this study responded in different ways to the solutions tested, even within the same species and may reflect the diversity of seed physiologies and interactions with allelochemicals among the different botanical families. This may be related to the allelochemicals type or allelochemicals combination present in the extracts. For example, Reigosa et al. (1999b) tested the effect of six phenolic compounds separately and in a mixture on a variety of target species. These authors have found that the effects of a single compound varied with the target species and its concentration. They have also found some synergistic effects when phenolics were tested in a mixture. Although allelochemicals composition and their concentrations remain unknown in our extracts, it is likely that similar behaviour was occurring here. Furthermore, evidence does indicate that allelochemicals from donor species may have fatal effects, weak or no allelopathic effect on potential target species (Sinkkonen 2006) . The stimulatory and inhibitory effects of allelochemicals released by A. dealbata on the target species do suggest species-specific effects on germination and early growth physiological processes (Zhou and Yu 2006) . On the other hand, it is probable that in natural situations test species have not evolved similar strategies to cope with allelochemicals from a single donor species. While some plants have detoxification mechanisms to reduce the effects of allelochemicals produced by neighbouring plants (Weir et al. 2004) , others remain helpless.
Native species and their ecological relationships are expected to be affected in some way by the invasion of an alien species such as A. dealbata (Rice 1984; Callaway and Aschehoug 2000) . Promotion of growth can occur either directly by ** ** ** *** allelochemicals or indirectly in an attempt to avoid allelochemical stress, either of which can be detrimental to plants (Fernández et al. 2006) . Whatever the mechanism, the effects of A. dealbata on populations of native North-west Spain understory species are negative (Carballeira and Reigosa 1999; Lorenzo et al. 2008; Lorenzo 2010) . In contrast, the marked stimulation of A. dealbata radicle growth by leachate and/or soil extracts regardless of the collection date observed in this study suggests a positive feedback mechanism within acacia populations, increasingly their invasive potential. It is also possible that A. dealbata invasion and the elimination of the native understory is the combination of many other biological and physicochemical factors that were not considered in this study.
Conclusions
All species responded differently to the A. dealbata extracts depending on the collection date of the extract, the response measured (i.e. germination, radicle length or shoot length) and whether the extract was collected from the soil or directly from the plant. The effect of A. dealbata extracts on germination, radicle length, and shoot length were also species-specific. The responses measured were more often stimulatory than inhibitive. Radicle length of A. dealbata was particularly stimulated by their own extracts suggesting a role of positive autoallelopathy in the invasion process. Bars indicate standard errors, and asterisks the statistical significance of differences with respect to controls (* P 0.05; ** P 0.01; *** P 0.001).
